Abstract. The electric surface resistance is measured without contacts by grazing incidence of p-polarized infrared (IR) radiation for the adsorbates CO and C 2 H 4 , which settle on top of the close packed atomic ridges of Cu (110) in the 1, −1, 0 direction. Surface resistance has only been observed for the IR electric currents in this direction. This can be explained by the assumption that IR induced currents in the 001 direction can only flow in the second and deeper layers of Cu(110). Therefore, in this direction, there is no friction with the adsorbates and hence no surface resistance.
accuracy, see table 1 in [8] . Some bigger deviations have been reported by Tobin [9] , though not for adsorbed CO and C 2 H 4 . Nevertheless the proportionality between the adsorbate induced surface resistance and the adsorbate induced broadband IR absorption at frequencies above 1000 cm −1 (in the range of the normal skin effect of local optics [10] ) was well confirmed by simultaneous measurements. The samples were epitaxial Cu(111) films, adsorbates were CO [8] and CO and C 2 H 4 co-adsorbed [11] . This opens the possibility to measure the surface resistance contact-less with a Cu(110) single crystal by grazing p-polarized IR reflectivity. A large broadband reflectance change has already been observed by Hirschmugl et al [12] for CO on Cu(110), with a magnitude almost identical to those observed for Cu(100) and Cu(111). In this previous experiment, the incident plane was oriented 5 degrees off the 1, −1, 0 direction, but no measurement was performed with the component of the field parallel to the (110) surface completely in the direction 001 . CO on Cu(110) is adsorbed up to half a monolayer in (2 × 1) super structure [13] .
Angular resolved photoelectron spectroscopy [14] showed that the CO bond axis is perpendicular to the macroscopic surface plane [15] . Photoelectron diffraction measurements yielded an atop position of the adsorbed CO molecule on the atoms of the 1, −1, 0 ridges [16] . A combined photoemission and photoelectron diffraction study of C 2 H 4 on Cu(110) [17] showed that the molecule is adsorbed either in an atop site on the close-packed Cu rows or in a short bridge site on the Cu rows; in each case the molecular plane is parallel to the surface, but the C-C axis can be twisted azimuthally out of the 1 − 1, 0 direction by as much as 24
• . By scanning tunneling microscopy (STM) at 4 K, the C 2 H 4 molecule was found to bond in the short bridge site on the close-packed rows with its C-C axis oriented in the 1, −1, 0 direction [18] . The electronic structure and bonding of C 2 H 4 on Cu(110) derived from x-ray spectroscopy and theory [19] showed only minor changes between on top and short bridge site geometry, which did not affect the results of the analysis.
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The configuration with molecular plane perpendicular to the surface [20, 21] , as deduced from the IR reflection data (quite similar to the ones reported here) is most probably erroneous. The IR signal originates from defects, because Raman active modes of C 2 H 4 adsorbed on Cu films occur only after preparation of atomic scale roughness [22] . A submonolayer of colddeposited Cu on a room-temperature deposited Cu film makes the IR active CH 2 wagging mode of C 2 H 4 (indicating parallel adsorption) disappear [23] , for reasons which are not yet obvious.
In any way, C 2 H 4 adsorbs on top of the ridges of the Cu(110) surface in 1, −1, 0 direction.
Experiment
The experiments were conducted at the National Synchrotron Light Source, at the Brookhaven National Laboratory, using beam line U4IR. The IR beam is focused on to the Cu(110) sample ( f /10, corresponding to a cone of ±2.85
• around the central beam) at the center of the UHV chamber, at an incidence angle of the central beam of ≈ 87
• with respect to the surface normal. Due to the polarization of synchrotron radiation, the electric vector of the IR light is in the plane of incidence (p-polarization). More details are given in [8] .
The (110) crystal was rectangular with dimensions of 12.4 × 16.5 mm 2 . The longer side is parallel to the 001 direction. The crystal could not be rotated around its normal, but had to be inserted two times into the UHV vessel, with the 1, −1, 0 or the 001 direction in the plane of incidence. In both cases the crystal was sputter annealed, the cleanliness checked by Auger electron spectroscopy (AES) and the orientation by low energy electron diffraction (LEED). The crystal was cooled to about 100 K before exposure to CO or C 2 H 4 . Two detectors were used, a boron-doped silicon bolometer (180-500 cm −1 ) and a copper-doped germanium photoconductive detector (350-3000 cm −1 ) both operated at 4.2 K.
Results
Figure 2 shows for the two mountings of the Cu(110) crystals the change of the IR reflectivity by CO and by C 2 H 4 adsorption. Because all spectra are normalized with respect to the spectra before adsorption, and with respect to the storage ring current during registration of the spectra (for details see [8] ) the relative reflectance values in per cent can be quantitatively compared for the two configurations of either the direction 001 or 1, −1, 0 in the plane of incidence of the p-polarized radiation. Surprisingly, in the first case, there is no change of the background, whereas the second case shows the typical, often observed broadband absorption. The increase of this absorption with increasing frequency is caused by the transition of the anomalous skin effect (non local optics) to the normal skin effect (local optics) [10, 24, 25] . The observed vibrational bands of C 2 H 4 , seen in both configurations are the total symmetric modes of C 2 H 4 at defects, as discussed above. The CO band at about 2078 cm −1 is the internal stretch vibration for CO adsorbed on top of the copper surface atoms.
Discussion
Assuming an ideal free electron metal of electron density n without damping, the Drude dielectric constant is given by ε(ω) = 1 − note that this dielectric constant is derived with electrons, which only come to motion by electric fields. In the field free case, assuming a small damping constant, they come to rest. The current set-up by the electric field is the so called drift current. For a metal half space with the Drude dielectric constant, the reflectivity R is one for any polarization (p or s for electric vector parallel or perpendicular to the surface) and any angle of incidence , provided the frequency ω is below the plasma frequency ω p .
It follows easily from Fresnel's equations that the time averaged square of the IR induced current densities j p and j s parallel to the metal surface directly under the surface, for s and p-polarization respectively, is given by
), E 0 is the incident field strength. It follows that j p remains nearly constant up to near 90
• . For both polarizations the normal current j n is related to the tangential current j s or j p by j n ≈ i ω ω p ( j s or j p ). The normal IR current is therefore negligible. The number N of illuminated adsorbates scales like n a cos with adsorbate surface density n a . The basic idea of Persson was that though the parallel component of the electric field is small in comparison to the perpendicular component above the surface, the induced drift currents parallel to the surface feel the resistance from the adsorbates. The ensuing Ohmic loss is observed as the broadband IR loss of reflectivity. Secondly, adsorbate movements parallel to the surface are induced by the drift current. When the adsorbate oscillates in phase with the IR field, there is less friction, diminishing the Ohmic loss, leading to an anti resonance.
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Following the electronic friction model of Persson and Volokitin [10] one can easily derive the adsorbate induced change of reflectance with the Drude model.
The friction between the adsorbate and the free 'Drude-electrons' will depend on the relative motion between the adsorbate (velocity du parallel /dt) and the drifting electrons (velocity v parallel parallel to the surface, given by j parallel = −nev parallel ).
The force between the electrons and the adsorbate (actio = reactio) is introduced as f = −Mη(du parallel /dt − v parallel ). Though the letter M stands originally for a not well defined mass and η for an unknown viscosity, they always appear as a product Mη. (Mη) may be considered as a factor characteristic of the given molecule, its surface configuration and the particular vibrational mode with frequency ω 0 .
Under the important assumption that the current densities are not changed by the adsorption, one obtains
The function h(ω) is equal to unity for nearly all frequencies ω. This describes the broadband IR absorption. At ω = ω 0 this function is zero and yields the anti resonance of full half width 2ω 0 η.
In [24] this simple 'drift-current' theory was replaced by semi classical Boltzmann hydrodynamics, in [25] by a full quantum mechanical model with the Kubo formalism. The results confirmed the results of the 'drift current' theory. Therefore we will apply the latter model to our experiments.
Of course, Cu is not a free electron metal, the s-bands lose the free electron dispersion by hybridization with the d-bands. But in contrast to the (111) and (100) surfaces, there is no gap of the surface projected electron density of states at the Fermi level [26] . In contrast to the (111) surface [27] the (110) lattice planes are mirror planes and the (110) surface does scatter electrons specularly. Therefore, we think that Persson's theory and the drift current model are well applicable for our experiments.
We explain the results in figure 2 in the following way: the IR drift currents in the direction of the close packed rows in the 1, −1, 0 direction flow also in the top ridge, see figure 1 . Therefore there is friction with CO and C 2 H 4 adsorbed on the ridges, causing the broadband IR absorption. For the IR drift current in direction 001 , perpendicular to ridges, the troughs between the ridges are barriers. Therefore the drift current flows only in the second and deeper atomic Cu layers off the surface, see figure 1 . Therefore there is no friction with the adsorbates and hence no broadband IR absorption.
Summary
Our work follows the demonstration [8] of the linear relation between the change of the dc resistance of thin epitaxial copper (111) films by adsorption ('surface resistance'), which can be measured by a four probe technique and the simultaneous change of the broadband IR reflectivity. We have addressed the open question of an anisotropic surface resistance of the 7 copper (110) surface. In this case the best experimental choice is to use a Cu(110) single crystal and to monitor the adsorbate induced IR background with grazing p-polarized incidence and to look for a difference when rotating the crystal. In this way the electric vector parallel to the (110) surface can be directed parallel or perpendicular to the monatomic ridges in direction 1, −1, 0 . We have chosen CO and C 2 H 4 , which adsorbs on top of these ridges. We found that the background changed only when the electric vector is parallel to the ridges. This is the first report of an anisotropic surface resistance.
We rationalize the result with electronic friction between adsorbed CO or C 2 H 4 and the drift currents driven by the electric IR field. In the case of surface resistance, this simple model of a local Drude type drift current is in agreement with a hydrodynamic and a full quantum mechanical treatment of the problem, according to Persson and Volokitin. We have extended this model by the assumption that the drift current flows also through the ridges when the electric field is parallel to the ridges, but it avoids the first layer of ridges, when the electric vector is perpendicular to the ridges, see figure 1 . Thus friction and a change of IR background occur only when the electric vector is parallel to the ridges.
